The development of a low temperature kinetic method for the flash photolysis of the compounds of membrane-bound cytochrome as with carbon monoxide in the presence of oxygen affords evidence for three categories of functional intermediate compounds of cytochrome a3 and oxygen. The three classes are identified as follows: Compounds of Type A are considered to be "oxy" compounds of the ferrous heme. They have the composition asQ-0,. Compounds of Type B are considered to be peroxide compounds (Cu2+ass+-02. or Cul+a:,+. 02H2) or the equivalent heme Fe-Cu peroxide bridge structures. Compounds of Type C are formed from the ferricyanide pretreated oxidase and may involve higher oxidation states of the heme iron such as quadrivalent iron, and peroxide. Kinetic and equilibrium studies show these compounds to be functional in oxygen reduction in the sequence A B -cytochromes a, c, cl, etc.
The observation of intermediates in enzyme-substrate interactions has led to a verification of the Michaelis-Menten theory upon which enzyme mechanisms are based (1) (2) (3) (4) (5) . The most likely enzyme-substrate compounds (6) to be discovered first are those that are abortive, nonfunctional, or "dead-end." History tells us that Kurt Stern's (7) red enzyme-substrate compound in the catalase-ethyl hydrogen peroxide reaction was discovered only because it was inactive; the active compound was too labile (2) for the techniques at hand. Peroxidase was also found to form an inactive stable enzyme-substrate compound IV (8) which has recently been restudied by Yamazaki (9) .
A similar development seems to have occurred in the case of cytochrome oxidase, where Okunuki (10), Lemberg (11) , Wainio (12) , and others have studied what they term an "oxygenated" form of the oxidase. The possibility that the "oxygenated" form could be preceded by more active forms, just as in the case of the catalases and peroxidases, has led us to the current study.
Gibson and Greenwood have studied the detergentsolubilized oxidase and have discovered a time separation of components a a, and Cu (13) . However, heterogeneity is present in such preparations and thus the membrane-bound oxidase of intact mitochondria has been used in these studies.
Some success with this approach was obtained in experiments with Erecinska (14) (15) (16) where a 10%o occupancy of membrane-bound oxidase with oxygen was obtained at -25°. (21) .
Flash activation of electron transfer reactions in the solid state in frozen biological systems has been used extensively in the study of photosynthetic systems (22) (23) (24) , where the study of cytochrome c down to -2900 has revealed electron tunnelling in biological systems (25) The method is termed "triple trapping" (27) and has afforded optical and EPR spectroscopic evidence of a fully occupied cytochrome oxidase-oxygen compound, and of two further compounds as well (28, 29) . These compounds are functional in oxygen reduction and afford a basis for understanding energy conservation at the molecular level in oxygen reduction by membrane-bound cytochrome oxidase. Fig. 1 illustrates the methods and the results in four panels which present the first minute in the formation of the compounds of membrane-bound cytochrome oxidase with oxygen. Four temperatures are selected to illustrate the intermediates involved in this reaction, together with the kinetics of the formation and interconversion.
MATERIALS, METHODS, AND RESULTS
The sample is prepared by diluting pigeon heart mitochondria prepared according to the method of Chance and Hagihara (30) (27) . Less than 2% oxidation of the cytochromes a and c occurs during the stirring interval (27) .
At the end of the 10-sec oxygenation, the sample is rapidly chilled by vigorous agitation in a dry ice-ethanol mixture at -80°. The frozen sample is transferred to the Dewar flask of the spectrophotometer through which is flowing thermoregulated nitrogen at the temperatures indicated in Fig. 1 In Panel E at -92°in the absence of oxygen, flash photolysis by means of a 1 lAsec, 100 mJ flash from a liquid dye laser at 585 nm shows an absorbancy decrease at 591 nm, (Trace a) and an increase at 604 nm (Trace b). The wavelengths for Trace c have been chosen so as to give a minimum response to the photolysis and recombination of cytochrome oxidase with CO. Trace g, which represents the infrared absorbance of the copper component of cytochrome oxidase, also shows no deflection. At -92°, the half-time for recombination of cytochrome oxidase with CO is about 30 see (31); at -114°, the recombination proceeds at a negligible rate.
Compound At. In Panel A at -1140, the sample has been oxygenated as described above, and flash photolysis causes a rapid reaction (tl1, = 12 see) in Trace a and more complex and slower reactions in Traces b and c; Trace g shows no reaction.
A second flash 1.5 min later causes no significant photolysis, indicating that the compound formed in the presence of oxygen is much less light-sensitive than the CO compound. This is in accordance with the low quantum yield of oxy compounds of hemoproteins as compared with their carboxy compounds (32) . Thus, oxygen reacts with cytochrome oxidase at -1140 to form a compound identified as Compound Al with a composition indicated in Table 1 hen the reactions of Panels C and D will have proceeded to equilibrium. Again, the spectrum is recorded with reference to the ferrous cytochrome as. In accordance with the kinetic traces, there is a small net change of absorption at 591 nm; the absorption band characteristic of Compound A is no longer present. In addition, the trough is displaced from 611 nm to 609 nm. This spectrum is identified with a second intermediate, Compound B (25) (26) (27) . By the disappearance of absorption at 609 nm and the increase of absorption at 830 nm, one may conclude that a portion of both the copper and the iron of cytochrome oxidase has been oxidized, corresponding to a transfer of two electrons. Table 1 lists a possible composition of Cu2+a33+-02 for Compound B ("B2") with the position of the absorbancy trough and the appropriate fraction of the oxidized-minusreduced changes that are observed to be altered according to both EPR and optical spectroscopy (34 (36) (37) (38) , and manuscript in preparation). Thus, the diagram of Fig. 3 represents a minimum of intermediates and electron transfer steps and is not intended to be comprehensive.
Beginning the cycle at -125°a nd with the photolysis of the CO compound yielding completely reduced or mixed valency state cytochrome oxidase, the reaction with oxygen ensues to give the first intermediates, Al and A2, respectively. These two compounds may be termed "oxycytochrome oxidase" and are proposed to be the functional intermediates in the reaction of cytochrome oxidase with oxygen. These compounds are distinct from the carbon monoxide compound, or from a functionally inactive compound, on the basis of the observation that there are (a) small but significant differences in the positions and intensities of the absorption bands of Compound A and the CO compound; (b) very large differences in kinetic and equilibrium constants; (c) very large differences in photosensitivity. The compounds are identified as functional by their inherent instability and by their ready conversion into the variety of other compounds shown in this cycle, such compounds serving as electron acceptors for the function of the respiratory chain.
As may be said of any "primary" intermediate, prior intermediates are possible. However, the linear relationship between the oxygen concentration and the rate of formation of Compound A (explored from 4 sec' at -94°to 2000 sec' at -16°) (14-17) speaks strongly in favor of Compounds Al and A2 as the first step in the cytochrome oxidase-oxygen reaction.
The composition of Compounds Al and A2 as a32 + .02 is compellingly related to that of a32+. CO by virtue of the general similarity of the positions of the absorption bands and the amplitudes of the absorption changes in the 02 and CO compounds. However, the variety of structures postulated for oxyhemoglobin (39) are equally applicable to oxycytochrome oxidase. There is no evidence of oxidation of the heme or copper moiety of cytochrome a3 in the formation of compounds of Type A.
The apparent inconsistency between the low temperature and room temperature properties of the cytochrome oxidaseoxygen reaction underline its mechanism of action. At -100°, oxygen appears to be highly dissociated from the oxidase, whereas at 23°the apparent affinity is approximately 0.05 /M (33) , a ratio of nearly 104. It appears that the high affinity of cytochrome oxidase for oxygen at room temperature is due to a kinetic rather than a thermodynamic property. The rapid electron transfer at the higher temperature, reducing oxygen to the variety of compounds illustrated here, creates a trap which affords the key to the physiological function of cytochrome oxidase. Thus, practically irreversible utilization of all oxygen molecules available to combine with cytochrome oxidase occurs at body temperature. It is a matter of interest that both cytochrome oxidase and oxyhemoglobin (40) have a low affinity for oxygen in their primary reactions and a high affinity for oxygen in the final stages of the oxygen reaction. It appears that they accomplish this in different ways:
hemoglobin by a change in the structure of the tetramer, and cytochrome oxidase by an electron transfer reaction which reduces the oxygen molecule and may alter the structure of the cytochrome oxldase molecule as well.
The electron donation to oxygen is indicated in Fig. 3 to occur at Step no. 2, from either the reduced state to form Compound B1, or from the mixed valency state to form Compound C1. These are hypothetical intermediates involving a one-step electron transfer and the formation of the superoxide anion from oxygen. Experimentally, however, electron donation from both the heme iron and the copper atom is observed and thus Step no. 3 Protonation of partially or completely reduced oxygen may occur at any point in the sequence, and it is only for the sake of brevity and lack of direct evidence that this process is indicated to occur in a single step when oxygen has been reduced to the level of water. Preliminary experiments described elsewhere (17) suggest that hydrogen ions may be taken up as early as Step no. 3. However, since protonation of a bridge peroxide would not occur, it is possible that protonation occurs very late in oxygen reduction and thus is not energy-linked. In any case, the cycle is complete with the formation of water and the release of cytochromes a and a3 and their associated copper atoms in the reduced form. The cycle can then be restarted along the A1 --B1 B2 pathway.
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